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Apparatus was develo~d which utilized a pitching airplane model to
determine maximum wing loads as a function of the rate of chenge of angle
of attack. lh order to evaluate the pitchipg-model technique, ~
lift coefficients were determined h wind-tunnel investigations of

a .Lscale model of a conventional single-engine fighter airplane and were.
20

compared with efisting flight data for this airplane. The w5mi-tu&el
Investigationextended through’a Jkch number range frmu approdnately O.2
to O.6 at pitch= velocities comparable to flight values obtained with
the test airplane in abrupt pull-ups. The wind-tunnel end flight results
were found to be b good agreement.

. .
INTRODUCTION

Although variations of meadmum lift with pitching velociQ were
observed as early as 1930, only very limited quantitative information
concerning the phenomenon has been obtained notwithstanding its importance
in relation to the high-speed aircraft of recent years. Previous wind-
tunnel investigations of this effect have been made only at low Mach
numbers and have been concerned primmily with constant section airfoils;
flight investigationshave not been planned specifically to provide
systematic data of this nature.

The need far tire complete imfomnation concefiing the dependence of
maximum wing loads on pitching velocity as a function of various
parameters thus prompted the development of an experimental technique
which utilized an airplane model capable of being pitched at various rates
through maxhum lift. Such a device would not tivolve the hazards of
flight testing in the stall region at high speeds and would make
possible a systematic study of tie separate effects of the variables
involved because the various parameters could be more easily controlled.
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2 NAC.Am NO.-1734 .

The use of small models rdadeit necess~ to establish the applica- .

bility of pitching model results h the prediction of full-scale flight
loads. For ‘thispurpose the maximum Mft coefficients were determined
b the Langley 7- by 10-foot high-speed tunnel as functions of the rate
of change of angle of attack for a model of the test airplane for which
madnum lift coefficients obtained in flight were presented in refemmce 1.
The results are given herein and are compared with flight data obtained
on the test airplsne. The tunnel and f13ght tests were ma~ over a
correspmding Mach number range frcnnapproximately O.2 to O.6 and an
equivalent pitching-velocity range.
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chord length, feet

lift coefficient

madmum lift coefficient

difference between correspondingmaxtmum ,Wt
coefficients of airplane and model

Wch number

-c pressure,

Reynolds number

wing area, squere

Punds per square foot

feet

txus airspeed, feet pr second

airplane weight, pounds

angle of attack, degrees

rate of chsnge of angle of Attack, radians per second

da/dt of model equivalent to test-airplane values,
radians per second

slope of lift curve, per radisn

=te of change of airplane normal load factor with time

—. — .— .—— — -. -——.,_, ______ . ———— .. —-— — –..
------ “. .“. ,



NACA ~~0. 1734

Am&us

The model and its pitching mechanism were mo~tea at opposite endE of a

@-foot, 3-tnch-d.iameter,tubulsr steel boom es shown in the diagg-ammtic
2
sketch of figure 1. The model was a -$-scale prcti= reproduction of the.

test airplane and consisted of the w@s and a imuncated, propellerless
fuselage.. The 2-foot-s~ wing had an area of 3/4 square foot and a mean
aerodynamic chord of O.@ foot. As shown in figure 1, the wings and
“fuselage-were mounted on a ball.-bear~-”housing which rbtated & a shaft
through the end of a mall cantilever beam. The rotating psrts were
statically balanced about the axis of rotation which was at 23 psrcent of
the mean aerodynamic chord.

The pitching mechanism contatied a variable-speed m“tor driving a
cam with a spring-baded follower which actuated the model through a
cable-pulley system. Each cam revolution provided one complete pitching
os~ill.ationof the model and a dwell period between oscillations during
which the ~del was held at a _ riegativeangle of attack. The dwell
period,.which was equivalent to x chord lengths of tmvel at low test
Mach nuuibers,yermltted amQle time for the”aerodynamic flow to s~ilize
prior to each pull-up. The pitching veloci~ of the model during the
pull-up was cantiol.ledby varying the cam speed. An operating speed of
the cam which gave the model a pull-up veloci~ of 12 radians per second
produced two cahplete oscil.latiansof the model each second. The cam
characteristicswere such that the mbdel accelerated fram a small negative
angle to a smsXL positive engle while it acquired a given pitching
velocity which was the?imdntained constsnt beyond the angle of marlnmm
lift ●

Devices were tncorpomted within the model for obtedninn time
histories of lift and angle of at~ck when used in conjunction with a
multichannel recording oscillograph. Static lift forces could be
determined to within 2 percent by the use of strain gages motited on a
beem designated h figure 1 as the lift beam. Errors in lift measurements
arising from vibration of the lift-beam-model system were negligible
because of the high natural frequency of”the lift beam”relative to the
applied pitchtng frequency. (The natural frequency of the lift beam was
approximately twenty times the maximum applied pitching frequency.)
Pseudolift errors caused by dynsmic unbalance coupled with angular
acceleration of the rotatdng parts were found experiment+.y to be negli-
gible. The variation of angle of attack with th was obtatied by means
of a csm-deflected strain-gage-equipped cantilever beem f- which the
rate of change of the angle of attack with tti could be detemined witldn
2 percent by graphical differentiation.

A photograph of the model and its pitching mechanism mounted h the
WeY 7- W lo-foot high-speed tunnel is shown as figure’2. me pi~h-
ing mechanism and the base of the boom were bolted to the tunnel vertical

. . . .. —.. —— — ..— —-— .. . ..—____ .— .-__—. —
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mounting strut and covend titi a steel fairlng. The boom was supyorted
18 inches behind the model with four flefible steel cables preloadmi to a
valm greater than the maximum ‘expectedlift forces of’the model. A
conservative estimate for the error in lift due to “acceleratfalieffects,
based on computations involving the flexLblllQ of this supporting
system and the expected rate of application of lift forces, ranged f’r~ 2
to 5 percent.

WIND-!lxnmlmImEYrrGATIom

scope

Time-history measurements were made of the lift and the angle of
attack of the model at.seven J@& nmiber increments from 0.17 to ?.6M
for pitchhg’ velocities da/dt varying from approximately 3 to 12
-radians per second. The relation of tunnel Reynolds n-yriberto hch nlzm-
ber is given h figure 3 which shows that the Reynolds ntier increased
from 0.198 x 106 to 1.172 x 106 wtile tie Mach ntier varied fran 0.080
to 0.612.

Reduction of Data

A scale reproduction of a typical test record of lift and angle of
attack recorded on the multichannel oscfllograph is shown In figure 4.
The particular record shown was taken at a tunnel free-stieem Mach number
of 0.400 where the pitching velocity of the model during the pull-up
was ~ .75 radians p9r second.

The character of the vibrations induced as the lift @lderily dropped
from its maximum value may be seen in figure 4. Although ‘thevibratory
frequency of 39.2 cycles per second shown in.this record tended to
diminish slightly with Mach nuinber,it was essentially constant “forall.
tests and e@ to the natural frequency of the model supporting system.
Since the model vibrated predminan lilyat the natural frequency of the
support~ system after stalling occurred, only the part of the record
through meximnm lift was used in evaluating results.

~ical ttme histories of lift coefficient and angle of attack of
the model are presented in figure 5 for two Mach ntiers and three
pitching rates. b the reduction from the originsl records no corrections
were made to the lift forces for either acceleration or wind-tunnel effects
stice these had been estimated to be small. \

A nonllnear va@ation of the angle of “attackwith t- was etid.ent
in some records as is shown b the three representative time variations
of the angle of attack in figure 5. The variation given in figure 5(c) most
nearly approaches the ideal in which the angle of attack Increases lineerly
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the up to maximum wt. ~
caused by the aerodynamic

The deviations frmn
and inertia momenta

5’

Idnearity. which
coqpled <th the

elastiolti of-the can-i cables. ~de it necessm to establish a
unifozm &hOa for $ini&ig da/di that we&d -be a&iLicabb to the
measured value of marlmum lift coefficient. Several methods were
considered for determining the effective values of da/dt ‘tobe used
in analyzhg the data, such as the method in whioh C* was corre-

lated with a slope at a number of chord lmgths ahead of the point

‘f %ax”
A method was finally adopted In ,whicbthe applicable da/dt

was taken as the slope of the ltie joining the point on”the angular
the history corresponding to zero lift with we point corresponding
to maximum lift. The method was xzitimalized on tie basis of en
~thesis, which has been fiequent4y proposed, that the increase h
lift is dssociatmd with the ~ OY ZKOW sepamil%m brought about %y
the lag in the rate of growth of the botm~ layer with angle of
attack. The avemge slope, as obtained In the method adopted, tlnm
gave an integrated effect of’this t3b0a rtrteof growth.

Althou& the typical curves of ~ end a plotted against time

given in figure 5 showed norddnear tiiations, faiyed ~ss plo~q
of ~ agdnst a for the various pitxMng mtes @ve such @ical

variations m are shown in figure 6.

Results and Dlscusaian

The mdn results of the wind-tunnel teq?m for tie pitohing model
are presented In figure 7, In which the variation of maximum lift
coefficient with rate of change of angle.of attack is shown for each
of the test Mach nunibers. Straight lines, based on the least-squares
method, have been faired through the test points for each Mach nuuiber.

Both the menner and =te of Increase of C
%X ‘iti ~/dt ~e

Been to vary with Mach nmiber. Mcrements in C can be noted

which are as much as 50 percent above the static values obtained by
extrapolation of the results to zero pitching velocity. The variation

‘f L
with ti/dt is essentially linear at the higher Mach nuuibers,

with no indication tiat any limit of ticrease had been reached. At the
low Mach nuuibers,however, a leveMng-off tendency exists which indicates
that some limit of ticrease may have been reached. This leveling-off
tendency is smewhat obscured by we scatter in the data tid lack of
sufficiently high values of d.a/dt. b view of the scatter and of the
general cheracter of the variations shown, a linear representation of all
the data @ believed justified.

-- ——-.——.——. —— .— . -.. . -—. ——.. — .
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The avemgedeviation of the test points from values deftied by the ,

least-squeres Lines varies from # percent to ~ percent at different Mach

numbers. These values represent larger intividuel point scatter than can
be attributed to instrumental and esthated acceleration errors, which
fact leati to the belief that actual variations in lift contribute to the
scatter. Thesb variations ere considered to be due to nonuniformity of
test conditions from point to point, such as ussw~itie$ in angle-of-
attack time histories and variation in smoothness of the air flow due to
vibration and ldndred sources. The greatest amount of scatlxm occurring
h the range of Mach numbers near 0.3 may be associated with the fact
that h this range, according to reference 3, a ~iti~ from p~e~~t
Reynolds number effects to predanhant Mach nunibereffects on c~

occurs ●

KREMMmToFmGHTm

The flight-test values of
%?@

for the test

reference I sre presented.h figure 8 as the square

airplane reported in

test sydols. These
points are as originny yesented end ticlude a correctim for tail ~oad;
thus, the flight lift coefficients are for a wing-fU3elage conf@ration
similar to that for the tidel. . .

Inasmnch as the angular velocities were not given h reference 1,
smne reworking of the original flight data was required in order to
determine the pitcMng veloci~ d.a/dt for each test petit. The value
of da/dt during each pull-up was obt.shed frm the original normal-
accel.erationand airspeed time-history records and from the equation

The slope of the airplane nozmal load factor against time was taken
as tie slope of the ltie johing the points on the curve which correspond
to uuit load factor and maximm load factor. ~iS method of ~tirminihg
dn/dt was comparable to that used for finding da/dt of the pitching
model.

The slope of the lift curve at the various Mach nmibers was obtained
fram wind-tunnel tests of the propellerless O.3-scale model of the test
airplane reported in reference 2. Owhg to a lack of information on the
lower conditions during the flight tests, power effects on dC_L/da were
neglected. .

The a&plane pitchhg velocity computad for each flight test point
is listed’in table I, along with the correspondhg values of Mach num%er,
maximum lift coefficient, end Reynolds number.

.—. ,,,,-, ,,.-
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The wind-tunnel and flight values of “c~x should be cmpared on

the basis of a comnon psrsmeter which satisfies the condition for dynamic
elmllitude. This condition requires that the unit rate of change of “
angle of attack ~er chofi length of travel be equal for all quantities
compared. The expression for the parameter satisfying this condition

~* aa~. Values of da/dt equivalent to those for the teat airplane
at v

were computed for the model by us~ this parameter and are listed h
table I as (da/dt)e.

The test points obtained in flight were Icmf’ficient to eetablieh
directly the relaticm of C

& h &/dt
at the various Mach nunibers.

The relatively large number of Amst points-in the Mach number region
near 0.4, however, petitted the use of a graphical interpolation process
which yielded values of

%max
as a function of (d.a/dt)e for a Mach

Nuder of 0:400. These interpolated test potits, which are independent
of Mach number effects, me shown as the square test symbols in figure”7.

COMPARISON

The comparison of

OF WIIJD-TUNNEL

the flight and
velocity-effect basis given in figure

AND FLIcm RE3tnm

wind-tunnel d.a~ on a pitching-

7 for M= O.4U0 sh~ a s~ar
veriatim of

L
with rate of change of migle of attack ● The

indicated increases of C ere substantially of the same magnitude.

The flight pull--upswere made at rates of change of angle of attack
as high as could ordinarily be obtained with this aqlane ● A1-tiou@

the model data presented efind to the same upper limit of d.a/dt as
the flight values, the model pitching velocities can be extended to
higher values.

The comparison of tie flight and whi-tunnel data on a max@um-
lift-coefficientbasis given in figure 8 shows a fair quantitative
agreement and a similar decrease in maximum lift coefficient with
increase in Mach nmiber. The model values of

L
shown in figure 8

were titerpolated from figure 7 at the equivalent flight values of
da/dt and for the flight Mach numbers. All the values, with the corre-
sponding Reynolds nuuibers,exe listed in table 1. Differences betieen
corresponding airplane and model values of C ere also tabulated

under the column heading &
%lax”

The vertical scattdr of the flight “

test points in figure 8 shows the magnitude of the variations due to

pitching-velocity effect which were used in obtaining the inter~lated
flight test points shown in figure 7.

- ——. —-—---—— —.—. —.
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The fact that lower values of
%UlsX

were obtained for the model

than for the test airplane cannot be attributed t~ any one factor.
Qualitatively it appears that the dissimilarities lmown to exist in
power condition, Reynol* nunber, and fuselage configuration would tend
to increase the flight values of

L
with respect to the model

values. It is also likely that indetezmhable dissimilarities existed
between the teat airplane and its model, particularly in regard to the
airfoil.nose radius, on which the maximum lift coefficient depends to
a marked degree.

.
CONCLUSIONS

The agreement obtained between the wimd~tunnel results for a ~-scale
20

model of a con.+enti- single-e~tie fighter airp~e and flight result-s
for the fti-seal-e airp-e indicates that the pitc~-mdel technique
should yield results applicable b the predictim of full-scale flight loads.

Results of the model testp show that the manner and
of maximum lift coefficient with rate of change of angle
with Mach number, with tie trend at the low Mach numbers
a limit of increase may have been reached.

Langley Aeronautical Iaboratoq
National Advisory C,-ttie for Ae~utics “

Langley Field, Va., July 30, l-9M

rateof increase
Of.attack VW

indicating that

.
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Flglwe 1.- Diagr aromatic sketch of pitching-model apparatua.
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Figure z.. ~ -’‘L-53799

G
The pitc~ model mounted In the Lm@ey 7- by 10-foot hfgh-s~~ tma.
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F@ure 3.- VariationofReynoldsntiber with
model tests.
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Figure 4.- Reprduction of a typical pitching-model record during one complete cam cycle for a Mach ~

number of 0.400 and a pitching veloci~ of 6.76 radians per second. .
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~ 77me, set

(a) M = OAQO; # E 5.75.

1. I I I I I I I I J

_-’ck
o .0? .Cw ./2 o *W .@

77me, sec V rim,=
(b) M - 0.&12; & = 6,10. (C} M.= 0.542; ~ = 8.72.

Figure 5,- Typical time histories of liftcoefficient and angle of attack for

the pitching model.
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Figure 6.- Variation of liftcoefficient with angle of attack for the typical

time histories shown in flgnre 5 for the pitching model.
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Figure 70- Variationofmaximum liftcoefficientwithrateofchange ofangle
ofattackforpitchingmodel atvariousMach numbers and comparison
withsimilarresultsfortestairplaneata Mach number of0.400.

.

—.— . --- —... — —— —.—.. —.— ___ ._— .—. _— ___ _._ ... . ..—— . . . . . —.



18 NACA TN ~Oo 1734 ●
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Figure 8.- Comparison oftestairplanemadnmm liftcoefficientscorrected
fortailloadwiththoseofthepitchingmodel forcorrespondingMach
numbers and equivalentpitchingrates.
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